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[1] Riparian zones in semiarid regions often exhibit high rates of evapotranspiration (ET) 
in spite of low-soil moisture content due to the presence of phreatophytic vegetation that 
is able to withdraw water from shallow aquifers. This work seeks to better deﬁne the 
relationship between ET, the saturated zone and the river boundary by comparing observed 
water table drawdown records to analytically modeled drawdown in fully penetrating wells 
of an unconﬁned aquifer in response to daily ET ﬂux. ET at the Boise Hydrogeophysical 
Research Site (BHRS), a riparian zone in a temperate, semiarid environment, is calculated 
using a radiation-based method to provide ET values at four different wells with different 
vegetation densities. Analytically modeled drawdown response to ET forcing shows that 
drawdown magnitude increases with increasing distance from the river edge even as the 
surﬁcial ET forcing remains constant. This behavior is also observed in well hydrographs 
and shows the buffering effect that ﬂow from the river has on drawdown in fully penetrating 
riparian wells in highly permeable, unconﬁned aquifers. Relative contributions of river 
water to aquifer storage are calculated for ET-induced diurnal ﬂuctuations of the water table 
at increasing distances from the river boundary. Failure to account for these spatial 
differences in drawdown related to the river source may explain some errors associated with 
estimating ET from well hydrographs alone. 
Citation : Johnson, B., B. Malama, W. Barrash, and A. N. Flores (2013), Recognizing and modeling variable drawdown due to 
evapotranspiration in a semiarid riparian zone considering local differences in vegetation and distance from a river source, Water 
Resour. Res., 49, doi :10.1002/wrcr.20122. 
1. Introduction 
[2] Riparian areas are key to understanding regional water 
and energy balances, particularly in semiarid regions. How­
ever, seasonal evapotranspiration (ET) in riparian areas typi­
cally have high levels of uncertainty which limit our ability 
to accurately estimate the groundwater portion of water 
budgets [Goodrich et al., 2000]. Riparian zones in semiarid 
regions often exhibit high rates of ET in spite of low-soil 
moisture content due to vegetation that is able to withdraw 
water from permanent or seasonal ground water sources. 
Phreatophytes, such as cottonwoods (Populus spp.) and wil­
lows (Salix spp.), in temperate, semiarid zones, are deep-
rooted vegetation that fulﬁll a signiﬁcant amount of their 
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transpiration needs directly from the saturated zone. Since 
these plants are in direct contact with the saturated zone, 
daily changes in water table levels can be seen as a direct 
response to vegetation transpiration (assuming other inﬂuen­
ces are negligible or otherwise accounted for). Transpiration 
generally follows the diurnal solar radiation cycle causing 
the water table to decline throughout the day as the plants 
move water from the saturated zone out through the leaves. 
During the night, transpiration becomes negligible and the 
water table recovers due to net inﬂow from the farﬁeld 
[Loheide et al., 2005] to replace water lost through ET. 
[3] White [1932] presented a simple model to estimate 
ET from diurnal ﬂuctuations of the water table. The method 
calculates the groundwater component of evapotranspira­
tion (ETg) from the empirical relationship ETg ¼ Sy8S þR, 
where Sy [-] is the speciﬁc yield, 8S[L/T] is the net change 
in water table position for 1 period (1 day), and R [L/T] is  
the net recovery rate of the ground water. R can be calcu­
lated over a time of day (commonly 00 :00–04 :00 AM) 
when ET is assumed to be negligible with R equal to 
change in head [L] over change in time [T]. Studies have 
suggested improvements for the White method pertaining 
to the speciﬁc yield parameter [Meyboom, 1967 ; Loheide 
et al., 2005] and the recovery rate [Troxel, 1936 ; Loheide, 
2008], but the method remains popular for calculating ET 
from well hydrographs. 
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[4] Loheide et al. [2005] found that the method of White 
[1932] tends to overestimate ET and they presented new 
guidelines for its use including a more thorough method for 
estimating the readily available speciﬁc yield (S;) for sub-y 
daily testing. Gribovszki et al. [2008] applied the Dupuit 
approximation for saturated ﬂow to more accurately relate 
the recovery rate (R) to water level ﬂuctuations and show 
that, for riparian zones dominated by phreatophytes, hy­
draulic head changes in response to transpiration can occur 
through the full saturated zone thickness. Much of the liter­
ature using the White [1932] method focuses on ways to 
better estimate hydraulic parameters (speciﬁc yield, primar­
ily) but these efforts could beneﬁt from better understand­
ing of the role of the riparian system on daily drawdown 
observed in wells. Malama and Johnson [2010] presented 
an analytical model for well drawdown in response to ET 
which shows that drawdown magnitude will increase away 
from the river (even within a narrowly deﬁned riparian cor­
ridor) in response to a spatially invariant surﬁcial ET ﬂux. 
This is due to decreasing river water contributions to ET 
ﬂux with distance from the river. Failure to consider the 
distance of the observation well from the river can result in 
signiﬁcant error in ET calculations from well hydrographs. 
[5] Using this analytical solution, Malama and Johnson 
[2010] modeled drawdown at a range of distances from the 
river edge (x) under spatially invariant ET rates. Results 
from this modeling show the buffering effect the river has 
on drawdown in an observation well. Solving for draw-
down as x !1  provides a maximum drawdown for a 
speciﬁed ET ﬂux and allows for a quantitative calculation 
of the water contributions from aquifer storage and from 
the river system in diurnal ﬂuctuations of the ground water 
table due to ET. 
[6] In this paper, we use the model of Malama and John­
son [2010] with ﬁeld data collected at a research well ﬁeld 
adjacent to a controlled river in a temperate, semiarid ripar­
ian zone to (a) explain local variation in ET-induced draw-
down between wells and (b) estimate the proportion of 
water contributed to transpiration from river leakage versus 
aquifer storage at different wells at different distances from 
the river. In this analysis, we account for local variation in 
ET rates due to vegetation density and compare the mod­
eled results to observed hydrographs which show that 
changes in drawdown with distance from a river are recog­
nizable, signiﬁcant, and can be modeled to improve man­
agement and modeling of riparian zones. 
2. Theory 
[7] The analytical model developed in Malama and 
Johnson [2010] is a solution to hydraulic head changes in 
an unconﬁned aquifer in response to ET at the water table. 
The focus here will be on the semi-inﬁnite ﬂow domain 
(Figure 1) with a ﬁxed head in a fully penetrating river 
serving as a lateral boundary condition and a ﬁxed head 
boundary at x ¼1 in the far ﬁeld away from the river equal 
to the river head. It should be noted that the model of 
Malama and Johnson [2010] allows for a temporally vary­
ing head boundary condition at the river. Two-dimensional 
ﬂow is considered in an aquifer with a ﬁnite vertical extent 
(z ¼ b [L]) and semi-inﬁnite lateral extent (x ¼ 0 at river-
land interface). The ET ﬂux is applied uniformly at the 
Figure 1. Conceptual model of the semi-inﬁnite ﬂow do­
main of the Malama and Johnson [2010] model. ET ﬂux is 
applied as a forcing function at the water table uniformly 
over an area x distance from the river (with a known head 
elevation). Drawdown is calculated over the aquifer thick­
ness (b) at point x. 
water table. Drawdown (s [L]) from the initial steady state 
is governed by 
1 @s Kx @2s @2s ¼ þ ; (1)
az @t Kz @x2 @z2 
where az ¼ KSs z (vertical hydraulic diffusivity [L
2/T]), Kx and 
Kz [L/T] are horizontal and vertical hydraulic conductivity, 
and Ss [L
-1] is speciﬁc storage. Equation (1) is solved with 
the initial condition 
s xð ; z; t ¼ 0Þ  ¼  0; (2) 
and boundary conditions with no leakage at the bottom 
boundary (z ¼ 0) 
 @s   ¼ 0; (3)
@z z¼0 
and the ET function at the water table (z ¼ b) 
  @s  @s  -Kz  ¼ Sy  - f tð Þ; (4)
@z z¼b @t z¼b 
where f(t) is the ET ﬂux function (presented in equation 
(10)). Drawdown at the river boundary (x ¼ 0) and farﬁeld 
(x ¼1) are zero due to the constant head assumptions 
(z ¼ b). 
[8] The solution to equations (1)–(4) obtained by 
Malama and Johnson [2010] shows that drawdown magni­
tude increases as the position of the well increases from the 
river boundary (increasing x, converging to a maximum 
drawdown curve beyond some large distance outside the 
range of inﬂuence of the river). Water contributions solely 
from the aquifer can be found by solving for drawdown as 
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x !1 where drawdown (s) is at a maximum and there is 
no river inﬂuence. Any drawdown value less than the maxi­
mum can be seen as having some river inﬂuence. The rela­
tive contributions between the river and aquifer can be 
found by calculating the ratio between maximum draw-
down and the river-inﬂuenced drawdown. 
3. Boise Hydrogeophysical Research Site 
[9] The theory of Malama and Johnson [2010] can be 
applied at the Boise Hydrogeophysical Research Site 
(BHRS) which is a research well ﬁeld and hydrologic proc­
esses observatory located at a riparian area in a temperate 
semiarid region about 15 km southeast of downtown Boise, 
ID adjacent to the Boise River (Figure 2). The unconﬁned 
aquifer consists of unconsolidated cobble, gravel, and sand 
ﬂuvial deposits approximately 18 m thick and is underlain 
by a continuous clay layer [Barrash and Clemo, 2002 ; 
Barrash and Reboulet, 2004]. The 18 wells at the site are 
fully screened and fully penetrate the aquifer. Aquifer pa­
rameters have been estimated by hydrologic (pumping and 
slug tests) and geophysical techniques, and an overview of 
mean values based on fully penetrating pumping tests are 
presented in Table 1 [Barrash et al., 2006 ; Fox, 2006 ; 
Cardiff et al., 2009 ; Malama, 2011]. 
[10] The Boise River ﬂows year round with discharge 
controlled by releases from Lucky Peak Dam and by 
releases and diversions from Diversion Dam (operated by 
U.S. Department of the Interior, Bureau of Reclamation), 
the latter of which is located about 600 m upstream from 
the BHRS. Spring runoffs can be high, fed from snowmelt 
in the upper reaches of the Boise River drainage. At such 
Figure 2. Aerial photograph of the Boise Hydrogeophysi­
cal Research Site with monitoring installations. 
Table 1. Mean Aquifer Parameters Resulting from Analytical 
Modeling of Pumping Tests (73 Pumping Well-Observation Well 
Pairs) at the BHRS [Fox, 2006]a 
Parameter Mean Maximum Minimum Units 
Kx 
Kz 
Ss 
S;y 
a 
7.59x10-4 
6.61x10-4 
4.07x10-5 
0.036 
1.29x10-3 
1.29x10-3 
1.29x10-4 
0.070 
5.13x10-4 
3.80x10-5 
3.31x10-5 
0.013 
m/s 
m/s 
m -1 
[dim] 
aS;y values are recognized to be lower than may be expected for uncon­
solidated coarse ﬂuvial aquifers although similar values have been 
obtained from aquifer tests of relatively short duration [Neuman, 1972 ; 
Nwankwor et al., 1984, 1992 ; Moench, 1997 ; Barrash et al., 2006]. 
times, discharge in the lower Boise River (adjacent to the 
BHRS) can be relatively high and variable due to periodic 
releases from the dams. The summer months exhibit gener­
ally steady ﬂow while water is fed to irrigation canals, and 
river ﬂow decreases in the fall and winter months when the 
irrigation canals are no longer in use and ﬂows are re­
stricted to increase storage behind dams. All data concern­
ing discharge in the Boise River are made available by the 
Bureau of Reclamation and daily averages of discharge and 
diversions for a 5 month period in 2009 are seen in Figure 3. 
[11] Vegetation in the riparian zone at the BHRS is 
dominated by cottonwoods (Populus spp.) and coyote wil­
low (Salix exigua) which are both known phreatophytes. In 
the western U.S., previous riparian ET studies in cotton­
wood dominated stands (both natural and restoration plots) 
have reported daily ET ﬂux between 3.1 and 12 mm/day 
[Nagler et al., 2007 ; Pataki et al., 2005 ; Schaeffer et al., 
2000]. Previous work at the BHRS has noted (a) root 
growth into some of the wells, which has been dense in the 
uppermost portion of several wells, and (b) diurnal ﬂuctua­
tions of the water table [Barrash et al., 2002 ; Cardiff et al., 
2009 ; Malama and Johnson, 2010]. Phreatophytic vegeta­
tion obtains a signiﬁcant amount of water from shallow 
Figure 3. Daily average Boise River discharge from 
Lucky Peak Dam discharge and New York Canal diversions 
(all in cubic meters per second) from 1 May to 1 October 
2009. 
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Figure 4. Neutron-probe soil moisture data collected 
near well X2 at the BHRS in 2010 showing the decrease in 
soil moisture over the summer and into the fall. Soil mois­
ture shows little change at speciﬁc depths over time due to 
low precipitation rates and high potential evaporation. Note 
that two rain events (3.8 cm on 6–7 August and 1.9 cm on 
4–5 October) occurred shortly before measurements on Au­
gust 11 and October 6 without reversing the drying trend or 
shifting the proﬁles to signiﬁcantly higher moisture con­
tents. The depth of data obtained at the time of measure­
ment is dependent on the elevation of the water table (i.e., 
thickness of the unsaturated zone). 
aquifers and the capillary fringe and is common in riparian 
zones, particularly in semiarid regions. Access to the satu­
rated zone allows these plants to thrive in areas where unsat­
urated soil moisture is near residual amounts through much 
of the year (e.g., Figure 4). For this study, we examine ET 
and associated water level changes at four wells at the 
BHRS which have different vegetation densities (Figure 5) 
and are at different distances from the Boise River (Table 2). 
Figure 5. Aerial view over the BHRS and the four wells 
for which ET was calculated showing Landsat pixels. Pix­
els for which unique vegetation densities (NDVI) were 
recorded are outlined in white. 
Table 2. Measured Distance From Wells to the River, 3 July 
2009 
Well Distance to River [m] 
X2 82.23 
C1 61.23 
X3 52.55 
X4 35.76 
Water level changes are recorded by in-well pressure trans­
ducers at 15 min intervals. Data presented here were col­
lected using a vented InSitu miniTroll or sealed Solinst 
Levelogger Junior (barometric compensation for Solinst 
Levelogger was completed with data collected from a Sol­
inst Barologger). 
4. Diurnal Fluctuations in Response to ET 
[12] Figure 6 shows the depth to water below land sur­
face for several daily cycles at the BHRS where plants are 
drawing water from the saturated zone during the day and 
where the aquifer is recovering at night. Recovery rate and 
change in storage (R and 8S, respectively) calculated using 
the method of White [1932] are labeled in the ﬁgure. The 
recovery rate calculated here is a linear approximation of 
recovery rate starting when ET is assumed to be negligible 
(Figure 6). Loheide et al. [2005] found this assumption to 
be reasonable when a value of readily available speciﬁc 
yield could be determined. Readily available speciﬁc yield 
(often noted as S;) is lower than traditionally deﬁned spe­y 
ciﬁc yield and is used to describe water used during a short 
period of time, typically less than 12 h [Meyboom, 1967 ; 
Loheide et al., 2005 ; Barrash et al., 2006]. Troxel [1936] 
ﬁrst noted that the recovery rate is nonlinear, and the curva­
ture seen nearing peak recovery in well hydrographs 
(Figure 6) shows that the rate is not constant in time. Time-
dependent recovery rate is formulated by Loheide [2008] 
but the original method of White [1932] is limited by the 
assumption of constant recovery rate. 
[13] ET calculated after White [1932] is a measure of 
groundwater contributions (thus, it is often written as ETg) 
as the aquifer is assumed to be coarse in grain size and 
shallow where vegetation can access the groundwater, and 
it is assumed that the unsaturated zone does not contribute 
signiﬁcant amounts of water to ET. Although wells in 
White [1932] are located in the riparian zone, there is no 
mention of the distance away from the river each well is 
located. This, as shown in the analytical solution of 
Malama and Johnson [2010] to drawdown, can be prob­
lematic as drawdown magnitude is a function of lateral dis­
tance from the river boundary due to leakage from the river 
contributing to ET ﬂux [Malama and Johnson, 2010]. 
5. Evapotranspiration 
[14] With the many factors that need to be considered 
when estimating ET, collection of data via remote sensing 
techniques, particularly by orbiting satellite, is often pre­
ferred because it reduces the amount of ground data that 
need to be collected. We use this approach here but also 
note that radiation data collected from remotely sensed 
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Figure 6. Change in depth to water with time in well X2 at the BHRS. 8S is the net change in water 
table position for 1 period (1 day) and R [L/T] is the net recovery rate of the ground water. 
data were checked and found to compare well with local 
ground-based instrument measurements [Johnson, 2011]. 
ET mass ﬂux (ETmf [kg m
-2 s -1]) can be estimated using a 
derivation of the Priestley-Taylor equation [Jiang and 
Islam, 2001] : 
  
)ET mf ¼ ¢  
 þ 1 Rn - Gð Þ; (5) 
which has the advantage of containing variables that can be 
derived from remote sensing data along with common me­
teorological data. These parameters include soil heat ﬂux 
(G [Wm-2]), net radiation (Rn [Wm
-2]), and an empirical 
parameter (’) that is the actual evaporation rate divided 
by the equilibrium evaporation rate (here, 1.26). Lambda 
() [Jkg-1]) is the latent heat of vaporization, and the slope 
of the saturated vapor pressure curve ( ) and the psychro­
metric constant (1 [kPa/K]) are functions of air tempera­
ture. G and Rn are related by Moran et al. [1989, 1994] and 
Batra et al. [2006] : 
G ¼ 0:583 exp ð-2:13NDVI ÞRn; (6) 
where NDVI quantiﬁes living vegetation through the nor­
malized difference in reﬂectance values between the near-
infrared and red wavelengths from Landsat 5 TM data 
(bands 4 and 3, respectively) [Moran et al., 1989 ; Liang, 
2004 ; ENVI, 2006] as : 
Band 4 - Band 3 
NDVI ¼ : (7)
Band 4 þ Band 3 
[15] Rn is modeled after Bisht et al. [2005] as a function 
of time : 
Rn t sin !t : (8)ð Þ ¼ Rn;max ð Þ
[16] The Priestley-Taylor equation (5) equates daily ET 
amplitude to : 
Rn;max ¢ 
Q ¼ ½1 - 0:583 exp ð-2:13NDVIÞ]; (9)
p)ð þ 1Þ 
where Q is the amplitude of ET ﬂux at the water table due 
to ET and Rn,max is the maximum net radiation measured 
during the day [Batra et al., 2006 ; Bisht et al., 2005]. The 
daily ET function then becomes a smooth sine curve 
described by : 
 [ ]
ET Qsin !t 8t 2 0; tdayð Þf tð Þ ¼  ¼ ; (10)
p 0 8t > tday 
where p is the density of water and !¼1/tday where 
tday ¼ tset - trise with tset and trise the times where net radia­
tion becomes negative and positive, respectively. Figure 7a 
shows this function over a 24 h period where tday is the 
time from sunrise to sunset (12 h, here) and Q ¼ 16 mm/ 
day. 
[17] The ET function is applied at the water table with 
the modeled head presented in the analytical solution 
[Malama and Johnson, 2010] being the drawdown in the 
well open to the full aquifer saturated thickness. Figure 7 
shows (a) the ET forcing for a single day and (b) the mod­
eled drawdown response in the well. Here t ¼ 0 corresponds 
to the time when net radiation becomes positive. Note that 
peak drawdown occurs after the peak ET ﬂux because 
drawdown continues as long as the ET rate is greater than 
the aquifer recharge rate. 
[18] Following the work of Shah et al. [2007], water con­
tribution from the unsaturated zone is neglected and all 
available water for ET is assumed to be from the saturated 
zone. This is also supported in general by White [1932] who 
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Figure 7. (A) Modeled ET signal with amplitude (Q) of 16 mm/day and a length of 12 h (tday ¼ 0.5) 
and (B) the resulting simulated drawdown response at a well 60 m from the river boundary. Note the 
incomplete recovery of the water table due to water lost to ET. 
found that, in riparian zones dominated by phreatophytes, 
ground water is the dominant source of water lost to the 
atmosphere (note : this methodology could underestimate ET 
if used in areas where water from the unsaturated zone is a 
signiﬁcant source for riparian vegetation). This is also sup­
ported by site observations at the BHRS based on measured 
soil moisture (see section 4, above and Figure 4). 
5.1. Daily Drawdown Versus ET Magnitude Across 
the BHRS 
[19] The diurnal signal of drawdown varies in magnitude 
in response to ET but is also controlled by the distance of a 
given well from the river. For comparison, daily drawdown 
magnitude is quantiﬁed as the maximum change in water 
level at a well during a day. This is not synonymous with 
the storage term in White [1932] but is an instantaneous 
measure of maximum drawdown experienced for any one 
day. Well hydrographs at the BHRS during periods of ET 
forcing typically show high daily water levels during the 
early morning hours (2 :00–7 :00) followed by drawdown 
during the hours when radiation is positive resulting in 
maximum drawdown around 19 :30, followed by a steep re­
covery overnight. Water levels typically do not return to 
the same level as the previous day. This difference in 
amount of water (8S, Figure 6) is the residual drawdown 
between two maxima and is the storage term from White 
[1932] ; this effect is predicted by the model of Malama 
and Johnson [2010]. 
[20] At a given distance (x) from the river, well draw-
down magnitude should be strongly correlated with ET 
magnitude which incorporates vegetation density variation 
through NDVI (equation (7)). The wells monitored at the 
BHRS are at different distances from the river edge (Figure 
5 and Table 2) and these differences are apparent in the 
well hydrographs. Figure 8 plots ET amplitude and daily 
drawdown in four wells at the BHRS over the summer of 
2009 for periods of time that have satellite data to support 
ET calculations as in equation (9). Data were further lim­
ited to periods where river stage had no signiﬁcant changes 
over the presented period and 72 h prior. 
[21] As shown in Figure 8a, X4 has the highest calcu­
lated ET amplitude for the majority of the year, followed 
by wells X3, X2, and C1, respectively. This order is seen in 
the calculated NDVI values at each well (Figure 9) and, 
following the assumption that radiation and temperature 
are the same at each well, vegetation should be the only dif­
ference in calculating ET. However, the daily drawdown 
magnitudes in Figure 8b show a reversal from what is 
expected if distance to river were not considered. Well X4, 
which has the highest calculated ET values, is closest to the 
river and typically has the lowest drawdown magnitudes 
while well X2 is furthest from the river and has the highest 
drawdown values. 
5.2. Comparison of ET Calculation Methods at the 
BHRS 
[22] ET was calculated at the four example wells (Figure 
5 and Table 2) at the BHRS after White [1932] from well 
hydrographs for a 5 day period in July 2009, and was com­
pared with calculated values from the radiation-based 
model from Batra et al. [2006]. Wells X4 and X2 are clos­
est and furthest, respectively, from the river boundary at 
the BHRS (Table 2) and the results for these two example 
wells are shown in Figure 10. 
[23] The White [1932] method of calculating ET ﬂux is 
based upon the analysis of hydrographs and does not 
account for radiation physics, a possible river recharge 
source, variations in distance from a river source, or differ­
ences in vegetation inﬂuence on ET ﬂux between nearby 
wells. As the magnitude of the observed drawdown in a 
given well increases, the calculated ET ﬂux from White’s 
method increases as well. This method shows higher ET 
than the radiation-based method at well X4 for 4 of the 5 
days shown in Figure 10a. However, ET from White [1932] 
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Figure 8. (A) ET amplitude and (B) well drawdown over the summer of 2009 for four wells at the 
BHRS. Although X4 usually has the highest calculated ET rates, daily drawdown is consistently lower 
than the other wells due to its proximity to the river (see Table 2). 
at well X2 is signiﬁcantly higher than radiation-based cal­
culations for all 5 days, with values being 60% higher for 3 
of the days presented in Figure 10b. Records from in-well 
pressure transducers show greater drawdown in well X2 
than X4 despite higher calculated ET at well X4 via the 
radiation model. 
6. Modeling of River and Aquifer Storage 
Contributions to ET as a Function of Distance 
[24] The analytical solution to drawdown in response to 
ET forcing [Malama and Johnson, [2010] shows that draw-
down magnitude increases with increasing distance from 
the river edge (Figure 11) for constant surﬁcial ET forcing. 
Failure to account for distance from the river boundary 
Figure 9. Calculated NDVI from Landsat 5 TM data at 
each of the four observation wells throughout the study. 
Unique values correspond to pixels shown in Figure 5. 
may explain, in part, the overestimation of ET at well X2 
using the White [1932] method to calculate ET. For the 
drawdown modeling in response to daily ET ﬂux using the 
method of Malama and Johnson [2010], bulk aquifer pa­
rameters were used that were similar to results from previ­
ous fully penetrating pumping tests [Fox, 2006 ; Barrash 
et al., 2006] and optimization through observed drawdown 
records. These values are listed in Table 3. 
[25] ET rates were calculated from the radiation-based 
methodology presented earlier. The area for which a rate is 
calculated is equal to the 30 meter pixel from Landsat data 
Figure 10. Results of ET calculated at (A) well X4 and 
(B) well X2 over 5 days using the radiation-based method 
from Batra et al. [2006] compared to ETg calculated from 
well hydrographs [White, 1932]. 
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Figure 11. Modeled daily drawdown in a well as a func­
tion of time at different lateral distances from the river 
boundary. 
that serves as the basis for vegetation quantiﬁcation (Figure 5). 
For examination of the contributions between aquifer and 
river, the same ET rate (amplitude (Q) ¼ 16 mm/day) was 
used to model drawdown at increasing distances from the 
river edge. 
[26] Here the river boundary and inﬁnity boundary are 
maintained at zero drawdown with the same initial head 
conditions for clarity in illustrating the relationships. The 
model of Malama and Johnson [2010] can be used to 
address the effects of ET with river leakage under time-
varying river stage conditions. Drawdown curves were 
modeled at the river boundary and with increasing distance 
from the river. These curves were integrated over the ET 
period, tday in equation (10), to determine the drawdown 
due to ET forcing (Figure 7). We do this to minimize bias 
in the results due to incomplete recovery in water table ele­
vation as is commonly observed in seasonal water table 
trends, particularly as the lateral distance increases beyond 
the inﬂuence of the river. The ratio of river contribution to 
ET ﬂux was found by dividing this drawdown by the maxi­
mum drawdown (i.e., at sufﬁcient distance from the river 
that the river does not affect daily drawdown). This draw-
down ratio is subtracted from unity where a resulting value 
of 1.0 shows complete river input and 0.0 shows complete 
aquifer input to ET-induced drawdown. 
[27] The relative contributions to ET ﬂux from the river 
and aquifer are shown in Figure 12. The inset in Figure 12 
shows the modeled relative contributions at each of the 
four wells where drawdown was monitored and ET was 
Table 3. Bulk Aquifer Parameters Used for Drawdown Modeling 
at the BHRS 
Parameter Value Units 
Kx 
Kz 
Ss 
Sy 
b 
6.4 x10-4 
2.5 x10-4 
1.0 x10-6 
0.05 
16 
m/s 
m/s 
m -1 
[dim] 
m 
calculated at the BHRS using the model of Malama and 
Johnson [2010]. The relative contribution of river water 
decreases with increasing distance from the river boundary 
but is still a signiﬁcant source at distances within 150 m of 
the river boundary (e.g., over 20% from the river source at 
well X2, 82.23 m from the river boundary). 
7. Discussion 
[28] The river boundary plays a vital role in the draw-
down observed at a given well due to ET. ET-induced 
drawdown brings water into the aquifer rapidly and contin­
ually at the river boundary because of the (a) high conduc­
tivity of the aquifer, (b) river (constant head source, 
modeled here as fully penetrating), and (c) continuous pres­
ence of vegetation from the river edge to large lateral dis­
tances that maintain ET-induced drawdown during the 
daylight period. This river contribution progressively sup­
presses ET-induced drawdown in well hydrographs with 
decreasing distance from the river boundary. This effect is 
seen in the observed differences in drawdown magnitude at 
the BHRS (Figure 8) at wells that have similar vegetation 
types and densities (as determined through NDVI). It 
should be noted that the assumptions of a fully penetrating 
river and inﬁnitely extensive riparian zone are not often sat­
isﬁed in practice and will result in a modeled bias toward 
greater relative contributions from the river. 
[29] In the model, signiﬁcant river leakage contributions 
to the ET ﬂux occur within 150 m from the river due to ET-
induced drawdown in the laterally extensive riparian area 
which extends to inﬁnity. For example, although net river 
water contributions decrease progressively with lateral dis­
tance from the river, more than 20% of the water drawn 
from the aquifer by ET at well X2 comes from the river 
(Figure 12). The aquifer serves primarily as a conduit and 
temporary store for the river water that is transmitted to the 
phreatophyte vegetation which transpire this water to the 
atmosphere. That is, there is inﬂow from the constant head 
lateral boundaries at the river and at inﬁnity distance from 
the river. The analytical model [Malama and Johnson, 
2010] is constrained laterally by a time-invariant lateral 
Dirichlet boundary condition at x ¼1 with head equal to a 
river-stage dependent Dirichlet boundary condition at the 
river. These conditions supply the water for recovery at 
night when there is no ET and on a seasonal basis after the 
leaves fall and before the growing season begins again. 
8. Conclusions 
[30] Analytical modeling of drawdown in response to ET 
forcing allows for analysis of the relative contribution of 
river water to aquifer storage water at increasing distances 
from a river boundary in a semiarid riparian zone. Observa­
tion wells closer to the river boundary display drawdown of 
a smaller magnitude than wells further from the river given 
the same surﬁcial ET forcing due to higher relative contri­
bution of river water. In unconﬁned, coarse sand and gravel 
aquifers such as the BHRS, the river can be a signiﬁcant 
source for ET ﬂux up to 150 m away from the boundary 
under the assumption of a fully penetrating river boundary. 
[31] For these reasons, the distance from the river bound­
ary should be considered in the analysis of diurnal 
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Figure 12. Modeled relative contribution of river as water source to ET as a function of lateral distance 
from river. 
ﬂuctuations of the water table in response to ET. That is, 
much of the variation in ET calculated from these hydro-
graphs may be due to the spatial differences of the wells 
with respect to the river as opposed to actual differences in 
ET at the wells. Accounting for relative contributions 
between the river and aquifer may help to minimize errors 
associated with quantifying ET for water and energy budg­
ets in the riparian zone. Future work to modify the analyti­
cal model [Malama and Johnson, 2010] for partial 
penetration of the river into the aquifer [e.g., Butler et al. 
2001] would improve the accuracy of estimates of relative 
ﬂux contributions from river leakage and aquifer storage. 
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